Inhibition of cGMP-specific phosphodiesterase type 5 (PDE5) has been shown to improve penile erection in patients with erectile dysfunction. We have reported previously the cloning of three PDE5 isoforms from human penile tissues. Here we report the cloning of two PDE5 isoforms from rat penile tissues. The similarity between rat and human PDE5A1-specific sequences were 68 and 88% at the nucleotide and amino-acid levels, respectively. Like the bovine and canine PDE5A1 sequences, the rat PDE5A1 sequence lacks the polyglutamine tract that appears to be unique to the human PDE5A1 sequence. The similarity between rat and human PDE5A2-specific sequences were 64 and 100% at the nucleotide and amino-acid levels, respectively. The equivalent of human PDE5A3-specific sequence was identified in the rat PDE5A gene; however, repeated efforts to clone the putative rat PDE5A3 isoform were not successful. Expression of PDE5A1 and A2 mRNA in various tissues was examined by Northern blotting and reverse transcription-polymerase chain reaction. Results from the two experimental procedures were largely in good agreement and indicated that PDE5A1 and A2 mRNA were expressed in a tissue-specific manner with PDE5A2 being the dominant isoform.
Introduction
Phosphodiesterases (PDEs) are intracellular enzymes that catalyze the degradation of cAMP and/ or cGMP. By counterbalancing adenyl and guanyl cyclases that, respectively, catalyze the formation of cAMP and cGMP, PDEs serve to adjust the cellular concentrations of cAMP and cGMP, thereby influencing cellular functions. 1 Despite having only two substrates, PDEs in the mammalian tissues are comprised of 11 families (PDE1-PDE11) encoded from 21 distinct genes with each gene encoding multiple isoforms. These 11 PDE families are 20-45% homologous in their catalytic domain located near the C-terminal. Their N-terminals are divergent and may contain regulatory domains that bind to calcium ions, calmodulin, proteins, and/or cGMP. 1, 2 PDE1, 2, 3, 10, and 11 can hydrolyze both cAMP and cGMP, PDE4, 7, and 8 only cAMP, and PDE5, 6 and 9 only cGMP. 1 Since their discovery in the late 1950s, both natural and synthetic compounds that inhibit the catalytic activities of various PDEs have been developed and continue to be actively exploited for the treatment of a wide variety of ailments, including congestive heart failure, asthma, erectile dysfunction (ED), etc. 3 All PDE families except PDE6 have been detected at either the RNA or protein level in the human penile corpus cavernosum; 4, 5 however, only PDE5 has been unequivocally shown to regulate erectile function. 5 While erection is induced by the accumulation of cGMP after erotic stimuli trigger the release of nitric oxide that activates guanyl cyclase, detumescence requires the hydrolysis of cGMP, which is catalyzed predominantly by PDE5. By selectively inhibiting the catalytic activity of PDE5, the widely prescribed sildenafil citrate allows the concentration of cGMP to reach a level sufficient for a satisfactory erection even in many ED patients. One of the side effects of sildenafil is a blue tinge to vision, which is believed to be caused by crossreactivity with PDE6, a structurally PDE5-related molecule present in high concentration in the cone and rod cells of the retina. Other side effects of sildenafil, such as headache, facial flushing, rhinitis, and dyspepsia, are believed to be because of inhibition of PDE5 in the vascular and visceral smooth muscle in the relevant organs.
We have reported the cloning of three PDE5 isoforms from human penile corpus cavernosum. 6 Structurally, these isoforms differ only in the 5 0 end of their messenger RNAs and the corresponding amino terminal of their proteins. By using isoformspecific oligonucleotide primers in reverse transcription-polymerase chain reactions (RT-PCR), we were able to show that PDE5A1 and A2 were expressed in a variety of tissues while PDE5A3 was restricted to smooth muscle tissues. When assayed with lysates of transfected COS-7 cells, the three isoforms had similar cGMP K m of around 6 mM. Sildenafil inhibited PDE5A1, A2, and A3 with IC 50 values of 28, 14, and 13 nM, respectively.
In order to advance our understanding of the function and tissue distribution of PDE5 isoforms, it is necessary to conduct experiments in an animal model such as the rat. Furthermore, the development of future PDE5 inhibitors also requires testing in an animal model such as the rat. As such, it is important that we identify and isolate rat PDE5 isoforms. While rat PDE5A2 has been isolated, 7 whether there are other PDE5 isoforms has not been reported. In the present study, we isolated PDE5A1 and PDE5A2 isoforms from rat penis; we then compared their tissue distribution.
Materials and methods

RNA preparation
Rat tissues were homogenized in Tri-Reagent RNA extraction solution (Molecular Research Center, Cincinnati, OH, USA). Following the recommended procedure by the supplier, each tissue RNA (20-50 mg) was treated with 10 units of RNase-free DNase I (Roche Molecular Biochemicals, Pleasanton, CA, USA) at 371C for 30 min. The RNA was then purified by phenol/chloroform extraction and ethanol precipitation. Quantity and purity of RNAs were measured by spectrophotometry with UV adsorption at wavelengths 260 and 280. Integrity of RNAs was assessed by the sharpness of the 28 s and 18 s ribosomal RNA bands as visualized in agarose gels.
Oligonucleotide primers
Several oligonucleotide primers used in polymerase chain reaction (PCR) experiments are listed in Table 1 .
RACE-PCR
Rapid amplification of cDNA ends-polymerase chain reaction (RACE-PCR) 8 was used to identify and to isolate the 5 0 ends of PDE5 isoforms. Rat penile cavernosum RNAs were annealed to primer PDE5-RT (Table 1 ; primer 1, Figure 1 ) and reverse transcribed. The resulting single-stranded cDNA was then subjected to 'tailing' with dATP at the 3 0 end. The ''A- Table 1 ) was derived from the 5 0 end of the known sequence and used in RT. The resulting cDNA was then ''tailed'' with a string of nucleotide A (from dATP) with terminal deoxynucleotide transferase. This artificial poly (A) tail served as the annealing site for an upstream (universal) primer ( Table 1 ) that contains the complementary poly (T) tail and additional sequences ( ) that include ''rare-cutter'' restriction sites such as SalI ( ). The universal primer and a second PDE5-specific primer (arrow 2; PDE560a, Table 1 ) were used in PCR to amplify the cDNAs that correspond to the 5 0 end of the mRNA. The amplification products were then cloned and sequenced.
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C-S Lin et al tailed'' cDNA was then used as template in PCR, in which three primers were used, as described in the following. The PDE560a primer (Table 1 ; primer 2, Figure 1 ) served as a downstream primer. The dT-UAP primer (Table 1 ; Figure 1 ) was used to anneal to the Atailed cDNA (at an annealing temperature of 451C), and the UAP primer (Table 1 ; Figure 1 ) was used to further amplify the cDNAs at higher stringency (annealing temperature of 551C). The RACE-PCR products were cloned into pMECA plasmid 9 and sequenced by the dideoxy chain termination method. 10 
RT-PCR analysis
RT-PCR was performed in an RT step and a PCR step. In the RT step, the cellular mRNAs were reverse transcribed into a ''library'' of complementary DNAs (cDNAs). This cDNA library was then used for the analysis of various genes in the PCR step. The RT procedure was performed with the SuperScript reverse transcriptase (Life Technologies, Inc., Gaithersburg, MD, USA) and its accompanying reagents. Briefly, 2.5 mg of each tissue RNA was annealed to 0.4 mg of oligo-dT primer in a volume of 12 ml. A volume of 4 ml of 5 Â buffer, 2 ml of 0.1 M DTT, 1 ml of 10 mM dNTP, and 1 ml of SuperScript reverse transcriptase was then added to bring the final reaction volume to 20 ml. After 1 h of incubation at 421C, the RT mixture was incubated at 701C for 10 min to inactivate the reverse transcriptase. A total of 80 ml of TE buffer was then added to make a 5 Â diluted library. A portion of this library was further diluted to various concentrations (up to 100 Â dilution). In all, 1 ml of each dilution was then used in a 10 ml PCR to identify the optimal input within the linear amplification range. In addition to the 1 ml diluted library, the PCR mixture consisted of 10 ng of each of a primer pair and reagents supplied with the Taq polymerase (Life Technologies, Inc., Gaithersburg, MD, USA). PCR was performed in the DNA Engine thermocycler (MJ Research, Inc., Watertown, MA, USA) under calculated temperature control. The cycling program was set for 35 cycles of 941C, 5 s; 551C, 5 s; 721C, 10 s, followed by one cycle of 721C, 5 min. The PCR products were electrophoresed in 1.5% agarose gels in the presence of ethidium bromide, visualized by UV fluorescence, and recorded by a digital camera connected to a computer.
Northern blot analysis
Rat multiple tissue Northern blots were purchased from Clontech Inc. (Palo Alto, CA, USA). Each of the two membranes contains eight different rat tissue polyA + RNAs at 2 mg/tissue/lane. Hybridization to 32 P-labeled cDNA probes was carried out with reagents supplied with the membranes at the recommended conditions. Labeling of cDNA probes was done by random priming using the Rediprime II Figure 2 Comparison of the isoform-specific regions of rat and human PDE5A1 cDNA and amino-acid sequences. Identical nucleotides between the rat and human sequences are indicated by vertical lines. Gaps within each sequence are introduced for maximal homology alignment. The deduced amino-acid (single-letter code) sequences are shown above (for rat) and below (for human) the respective nucleotide sequences. GenBank accession numbers for the rat and human PDE5A1 sequences are AY155460 and AF155192, respectively.
PDE5 isoforms in rat penis C-S Lin et al kit (Amersham Life Sciences Inc., Arlington Heights, IL, USA). The membrane set was first hybridized to a rat PDE5A1 isoform-specific probe (see text). After development of the autoradiograph, the membranes were stripped of the probe and then hybridized to a rat PDE5A2 isoform-specific probe (see text). After development of the second autoradiograph, the membranes were stripped of the probe, hybridized to a 32 P-labeled b-actin cDNA probe (supplied by Clontech), and autoradiographed.
Results
Identification and cloning of rat PDE5 isoforms
Since PDE5 isoforms apparently differ only at the 5 0 ends of their mRNAs, we sought to clone possible rat PDE5 isoforms by RACE-PCR. As reported previously, 6 alignment of the published bovine PDE5A1 and rat PDE5A2 sequences allowed us to design an RT primer (primer 1, Figure 1 ; PDE-RT, Table 1 ) and a PCR primer (primer 2, Figure 1 ; PDE560a, Table 1 ). These primers were used in three separate RACE-PCR experiments with rat penile RNA samples as templates and resulted in the isolation of 22 PDE5 cDNA clones. Nine of these clones were PDE5A1 and the others were PDE5A2, as determined by comparing to human PDE5A1 and PDE5A2 sequences (Figures 2 and 3) . The similarity between rat and human PDE5A1-specific sequences were 68 and 88% at the nucleotide and amino-acid levels, respectively. Like bovine and canine PDE5A1 sequences, 11, 12 the rat PDE5A1 sequence lacks the polyglutamine (polyQ) tract that appears to be unique to the human sequence. 6, [13] [14] [15] The similarity between rat and human PDE5A2-specific sequences 
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were 64 and 100% at the nucleotide and amino-acid levels, respectively.
Lack of PDE5A3 isoform expression
Since all the above-isolated cDNA clones were either PDE5A1 or PDE5A2, we attempted to isolate the putative rat PDE5A3 isoform by performing one additional RACE-PCR experiment with rat prostate tissue. This resulted in the isolation of several additional PDE5A1 and PDE5A2 clones but not any PDE5A3 (data not shown). By aligning the human PDE5A3-specific sequence with the rat PDE5A gene sequence (GenBank accession number AB017578), an apparent rat PDE5A3-specific exon was identified (Figure 4) . The human and rat sequences are not only highly similar (61%) but also located in a comparable region between the A1-and A2-specific exons in their respective genes (data not shown). Based on the sequence homology, we designed a rat ''PDE5A3-specific'' primer ( Figure 4 ; Table 1 ) and used it in several RT-PCR experiments with rat penis, prostate, and aorta tissues. The results were all negative, further suggesting the lack of PDE5A3 expression in the rat.
Tissue distribution of PDE5 isoforms
Based on the rat PDE5A1-and A2-specific sequences, we designed oligonucleotide primers (Figures 2, 3 ; Table 1 ) for RT-PCR analysis on various rat tissues. The results ( Figure 5 ) showed that PDE5A1 mRNA was expressed in fewer tissues and at lower levels than PDE5A2 mRNA. Particularly, heart, liver, and skeletal muscle appear to express small amounts of PDE5A2 but no PDE5A1. Generally, organs that contain substantial amounts of smooth muscle (aorta, intestines, prostate, urethra, urinary bladder, and uterus) tend to express more PDE5 mRNA, particularly the A2 isoform. To assess the expression level more precisely, Northern blot analysis was also carried out. The results ( Figure 6) showed that both PDE5A1 and A2 mRNAs are approximately 7.5 kb in length and their expression levels in various tissues were generally in agreement with the RT-PCR results. One exception is that whereas RT-PCR detected low isoform expression levels in the stomach, Northern blotting detected high expression levels, especially for the A2 isoform. This is probably because of differences in the selection of tissue sites for RNA isolation. For ease of comparison, the RT-PCR and Northern blot results are summarized in Table 2 .
Discussion
We previously reported the cloning of three distinct PDE5 isoforms from humans. Since most of our in vivo research was conducted with rat models, we felt it was necessary to isolate the rat PDE5 isoforms. By using an identical approach, that is, RACE-PCR cloning, we succeeded in the isolation of rat Figure 4 Comparison of the putative rat PDE5A3 isoform-specific sequence and the human PDE5A3 isoform-specific sequence. The putative rPDE5A3 sequence is derived from rat PDE5A gene; its actual cDNA has not been identified. Identical nucleotides between the rat and human sequences are indicated by vertical lines. Gaps within each sequence are introduced for maximal homology alignment. GenBank accession numbers for the rat gene and human PDE5A3 sequences are AB017578 and AF155193, respectively. The underlined sequence was used for the design of the rPDE5A3-specific primer (Table 1 ). Figure 5 RT-PCR analysis for PDE5A1 and PDE5A2 expression in rat tissues. Primer pair PDE5A-s and PDE-797a was used for PDE5A1, primer pair PDE5B-s and PDE797a for PDE5A2, and primer pair Actin-s and Actin-a for b-actin ( Table 1 ). The reaction products were electrophoresed in a 1.5% agarose gel and stained with ethidium bromide. The RT-PCR product in each lane was derived from 25 ng of tissue RNA. Size marker is a 100-bp ladder.
PDE5 isoforms in rat penis C-S Lin et al Figure 6 Northern blot analysis for PDE5A1 and PDE5A2 expression in rat tissues. A set of two Northern blot membranes was purchased from Clontech Inc. Each membrane contains eight different rat tissue mRNAs at 2 mg per tissue per lane. The membranes were first hybridized to a 32 P-labeled rat PDE5A1 isoform-specific probe (Figure 2 ). After development of the autoradiograph (top 2 panels), the membranes were stripped of the probe and then hybridized to a 32 P-labeled rat PDE5A2 isoform-specific probe ( Figure 3 ). After development of the autoradiograph (bottom 2 panels), the membranes were stripped of the probe and then hybridized to a 32 P-labeled bactin cDNA probe. The final autoradiograph is shown here as the two middle strips. Size markers shown on the left of each panel are in kilobases (kb).
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C-S Lin et al PDE5A1 and PDE5A2 but not PDE5A3. Rat PDE5A1 is highly similar to bovine and canine PDE5A1 and together they differ from human PDE5A1 in not having the polyglutamine tract. Since elongated polyglutamine tract causes protein misfolding and aggregation and is associated with a number of neurodegenerative disorders in humans, 16 it is tempting to imagine the existence of a ''mutant'' PDE5A1 that may also be associated with neurodegenerative diseases. A recent discovery that androgen receptor with elongated polyglutamine tract forms aggregates that alter axonal trafficking and mitochondrial distribution in motor neuronal processes 17 further suggests the need to look for this possibility.
Despite repeated attempts to isolate or identify the putative rat PDE5A3, no such molecule was found. By comparing the available rat and human PDE5A gene sequences, we found them to be highly similar in all three alternative first exons, including the A3-specific exon. The homology includes not only the transcribed regions but also their adjacent untranscribed intronic sequences (data not shown). It is therefore rather puzzling why the rat PDE5 premRNA could not be spliced into a PDE5A3-coding mRNA. More importantly, without the rat equivalent, elucidation of the function of human PDE5A3 would be more difficult.
RT-PCR is the only method that has been used previously to analyze the difference between PDE5A1 and PDE5A2 in tissue distribution. Since RT-PCR is less quantitative than Northern blot analysis, we decided to compare tissue distribution of PDE5 isoforms with both methods in the present study. As expected, RT-PCR was more sensitive and detected PDE5 expression (in particular, the A1 isoform) in tissues that were negative with the Northern blot analysis (eg, liver and skeletal muscle). As summarized in Table 2 for ease to compare, results from the two methods were largely in good agreement, indicating that the RT-PCR method, despite its ease of use, is reliable. It should be pointed out that it remains unclear why the Northern method detected multiple RNA species in the stomach with the A1-specific probe. Since the stomach was also where the RT-PCR and Northern results differed most, whether there was something peculiar to the preparation of the stomach RNA for the Northern blotting remains an open question.
In summary, the present study demonstrated for the first time the existence of PDE5A1 in the rat. It also points out that, despite the existence of PDE5A3-like sequence in the rat genome, PDE5A3 mRNA is not likely expressed. Finally, we for the first time compared PDE5 isoform expressions with both the RT-PCR and Northern methods. The results indicated that PDE5A1 and A2 were expressed in a tissue-specific manner with PDE5A2 being the dominant isoform. Whether these isoforms are regulated by diseases (eg, ED) or drugs (eg, sildenafil) is currently under investigation. PDE5 isoforms in rat penis C-S Lin et al
